© Versita Sp. z o.o. The possibility of applying 31 P NMR spectroscopy for the determination of the enantiomeric excess of the racemic mixture of nonderivatized aminophosphonic acids with small side chains has been investigated. It is proven, that the effectiveness of the application of a chiral solvating agent strongly depends on the concentration of applied shift reagent and on the pH of the particular experiment. Effectual resolution protocols are elaborated for following phosphonic acids: 1-aminoethanephosphonic acid, 1-amino-2-methylpropanephosphonic acid, 1-aminophenylmethanephosphonic acid, 1-aminophenylmethane-phosphonic acid and 1-amino-2-phenylethanephosphonic acid.
Introduction
Aminophosphonic acids and their derivatives belong to an important group of organophosphorous compounds. They are structural analogues of amino acids in which the planar carboxylic acid group is replaced by a tetrahedral phosphonic acid moiety [1] .
Because of their diversified biological properties, they have a wide range of possible application in pharmacology, medicine, agriculture and industry [2] [3] [4] . They can be used as herbicides, antioxidants [5] , enzymes inhibitors [6] , as well as anticancer [7, 8] , antibacterial [9] and antiviral agents [10] .
However, biological activity usually strongly depends on absolute configuration of particular molecules. In addition, obviously this rule concerns chiral aminophosphonic acids. They perform desirable effects only in appropriate enantiomeric form. For example, the R isomer of 1-amino-3-methylbutanephosphonic acid is a more potent inhibitor of leucine aminopeptidase than the S isomer [6] . This must be considered especially during design and preparation of new drugs [11] . Therefore, development of direct methods of enantiomer differentiation is very precious for such biotechnological purposes as chiral P-C compounds enantioselective biotransformations, where any chemical derivatizations before analysis of the products mixtures, could obscure the actual results of bioconversion.
That is why, apart from the developing new efficient methods for synthesis of optically active aminophosphonic acids [6, 12, 13] , an important issue is availability of accurate determination of their optical purity [14] [15] [16] . A standard method is the measurement of specific rotation and comparing that with literature data [17, 18] . This approach is useless for non-described compounds. Another direct method, which does not require chemical derivatization of examined structures, is:
31 P NMR analysis of chiral complexes with Pd(II), separation on a chiral HPLC column or capillary electrophoresis with the addition of cyclodextrin [15] [16] .
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Direct determination of enantiomeric enrichment of chiral, underivatized aminophosphonic acids -useful for enantioselective bioconversion results evaluation Cyclodextrins are very useful chiral solvating agents. They are cyclic oligosaccharides composed of 6 (α-cyclodextrin), 7 (β-cyclodextrin) or 8 (γ-cyclodextrin) D-glucose units connected via α-1,4-glycosidic bonds. They are described as conical molecules with a cut top, hydrophobic cavity and hydrophilic surface. That difference causes them to form "host-guest complexes" with hydrophobic molecules. An important feature of these molecules is their enantioselectivity. Consequently, the orientation of opposite enantiomers in a cyclodextrin's cavity is different and the equilibrium constants for the formation of these inclusion complexes are not equal. It causes changes in chemical shifts and allows differentiating the optical isomers [19] .
The ability of cyclodextrins to form inclusion complexes with derivatized aminophosphonic acids was evaluated before, this shift reagent was successfully applied for determination of the optical purity of a narrow range of selected compounds by means of 31 P NMR spectroscopy [20] . Although standard NMR spectroscopy does not distinguish enantiomers, the addition of a chiral derivatizing agent (CDA) allows observing two peaks on the 31 P NMR spectrum. Each of them corresponds to one optical isomer. The optical purity can be assigned as a comparison of calculated integration intensity [21] . However this attempt has limitations, which imply from the necessity of derivatization before NMR measurement, which draws out the time and increase the costs of analysis and excludes these attempts from biotechnological applications. Regarding the prerequisites above, the current report describes new direct protocols for enantiomeric excess evaluation using 31 P NMR spectroscopy for aminophosphonic acids with small side chains as repetitive and a fast method.
Experimental procedure
All chemicals, excluding benzyl carbamate, were purchased from: Sigma-Aldrich, POCh and ARMAR Chemicals. Benzyl carbamate was synthesized before use according to procedure elaborated by Kozłowski et al. [22] . Some modifications were made: the reaction proceeded without any catalyst and the product was recrystallized from methyl alcohol.
The 1 H and 31 P NMR spectra were recorded on Bruker Avance™ 600 spectrometer (operating at 600. 
Synthesis of aminophosphonic acids
1-amino-3-methylbutanephosphonic acid (3) was available in the Department of Bioorganic Chemistry at Wrocław University of Technology. The other aminophosphonic acids were synthesized according to the method described in literature [23, 24] . The general procedure involves a one-pot condensation of benzyl carbamate (0.05 mol) with triphenyl phosphite (0.05 mol) and an appropriate aldehyde (0.07 mol) in glacial acetic acid (10 mL). The reaction mixture was refluxed for 2 h and afterwards hydrolyzed under reflux for 6 h with 35% hydrochloric acid (50 mL). Then the solution was cooled, the organic phase removed and aqueous solution was concentrated under the reduced pressure (evaporator). Dry residue was dissolved in methyl alcohol (50 mL) and treated with propylene oxide to reach the pH 5. Finally, the precipitated aminophosphonic acid was recrystallized from ethyl alcohol:water mixture (3:1, v/v). All the products' structures were confirmed by 
Preparation of NMR samples
α-Cyclodextrin (58 mg) was dissolved in D 2 O (600 µL) to obtain 100 mmol L -1 solution and then the weighed amount of particular aminophosphonic acid (or tosylated derivative) was added. Both the host-guest ratio and the pH value varied depending on the experiments.
Preparation of tosylated 1-aminoethanephosphonic acid [25]
The solutions of the 1-aminoethanephosphonic acid (15 mg) in 0.4 mol L -1 phosphate buffer (10 mL, pH 11.2) and TsCl (100 mg) in acetonitrile (2 mL) were heated for Direct determination of enantiomeric enrichment of chiral, underivatized aminophosphonic acids -useful for enantioselective bioconversion results evaluation 30 min at 50°C. Then the mixture was treated with 1 mol L -1 H 2 SO 4 to reach pH 7 and was washed twice with ethyl acetate (2 x 5 mL). The mixture was treated again with 9 mol L -1 H 2 SO 4 to obtain pH 4 and extracted with ethyl acetate (40 mL). The extract was washed three times with 1 mol L -1 HCl (3×1 mL) and dried over anhydrous magnesium sulphate and finally evaporated to dryness. The structure of the product was confirmed by 1 H and 31 P NMR spectroscopy.
Results and discussion
The purpose of this research was to develop a simple, cheap and, what is more important, direct method for the determination of the enantiomeric excess of the racemic mixtures of chiral aminophosphonic acids without any chemical derivatization, which can always influence and sometimes falsify the final results. This is especially dedicated for biotransformation purposes. Berlicki et al. [20] reported that cyclodextrins form inclusion complexes with aminophosphonic acids bearing bulky side chains. Two signals (each of them corresponds to different diastereomeric complex) are observed on 31 P NMR spectrum. Experiments reported here complement previous data proving that cyclodextrin is also effective in the case of small-side chain phosphonic acids with nonblocked functional groups (1-aminoethanephosphonic acid is the only exception).
Although different sizes of cyclodextrins are commercially available, small molecules fit best into α-cyclodextrin cavity. Other complexes are not bound tight enough. However, for 1-aminoethylphosphonic acid the resolution was not effective even by applying this solvating agent. In this case, the side chain is too small and the inclusion complex is not formed. Derivatization with p-toluenesulphonyl chloride resulted in good signal separation.
An other considerably important factor is the appropriate pH of the NMR sample. Aminophosphonic acids can exist in different ionic forms in water solution because they contain both doubly ionizable phosphonic group (pK a about 1.5 and 7), and ionizable amino group (pK a about 10) [26] [27] [28] . Cyclodextrins also have ionizable secondary hydroxyl groups (pK a about 12) involved in hydrogen bond formation between host and guest molecules. Therefore, pH of the solution determines the ability to form inclusion complexes and consequently strongly influences the efficiency of resolution (Fig. 2) . To establish optimal conditions, the NMR samples were prepared in acidic, neutral and basic solutions (Table 1) . Berlicki et al. [20] obtained the best results for acidic solutions. However, during discussed studies, it turned out, that for α-aminophosphonic acids with smaller side-chains, higher pH values (about 10) are required. Perhaps, in basic solutions when phosphonic moieties of guest molecules are deprotonated and hydroxyl groups of cyclodextrin are protonated, the inclusion complexes are more stable. Moreover, aminophosphonic acids are more soluble at alkaline pH. It turns out that, only in the case of 1-aminophenylmethanephosphonic acid, the determination of e.e value was pH-independent. A possible explanation of this phenomenon is that sidechain of 1-aminophenylmethanephosphonic acid fit best, among tested compounds, into hydrophobic cavity of α-cyclodextrin. The presence of the hydrophobic phenyl ring causes a higher affinity of the phosphonic analog of phenylalanine for the inner cavity of applied chiral solvating agent and the interaction is strong regardless of pH value.
Additionally, the host-guest ratio, which means the concentration of cyclodextrin and the aminophosphonate during the experiment, is a crucial factor. The optimal data for NMR sample preparation are shown in Table 2 . In case of 1-aminophenylmethanephosphonic acid (4), the results obtained in acidic solution are similar (Δδ = 0.077 ppm for 18 mmol L -1 (4A) and 0.074 ppm for 25 mmol L -1 (4B)). Although the resolution of signals is slightly better for 4A, in the case of this sample, noise level is somewhat bigger. Increasing the concentration of α-aminophosphonic acid causes smoothing of the baseline while signals corresponding to the two enantiomers remain separated. Therefore, in 
Conclusions
A very effective, economic and repetitive method for the determination of enantiomeric excess was established. The application of α-cyclodextrin as a chiral solvating agent results in the very sharp resolution of the NMR signals derived from the enantiomeric forms of the investigated compounds. Reported work proves that the separation efficiency depends on the pH of the experiment as well as on the host-guest ratio. These parameters were also established for investigated compounds. The developed protocols are crucial for the evaluation of the results of biocatalyzed kinetic resolutions of acidic P-C compounds, which in turn are precious intermediates for futher applications.
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